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Introduction
The human choroid is a very dense network of vascular loops. Approximately 95% of the blood flow to the eye is directed to the uveal system, of which approximately 70% is diverted into the choroidal channels. 1, 2 The extremely important role of the choroid appears to be linked to the avascular fovea because the place of the sharpest vision is 100% dependent on a healthy choroidal circulation. There-fore, the choroid can be considered as a central switchboard to supply essential metabolites and oxygen to the outer retinal zones and retinal pigment epithelium.
The introduction of optical coherence tomography (OCT) into ophthalmology has brought many new insights in diagnosis, monitoring, and therapeutic interventions to many retinal diseases. With the development of enhanced depth imaging (EDI), the sensitivity of OCT has been increased, and tissue penetration has been improved. Using the EDI mode, it has not only been possible to image the vitreous and retina but to obtain high-resolution images from the choroid and lamina cribrosa. [3] [4] [5] [6] [7] Many diseases, such as polypoidal choroidal vasculopathy, central serous retinopathy, (CSR), and age-related macular degeneration (AMD), seem to have their origin in the choroid or appear to be directly in touch with it. Recent studies using spectral domain optical coherence tomography (SDOCT) over a 6-month time period to visualize the choroid have shown a significant thinning of the subfoveal choroidal thickness in patients with treated neovascular AMD in contrast to eyes with dry AMD. 8 In chronic CSR, mean subfoveal thickness was found to be significantly enlarged by 505 lm, and even asymptomatic eyes were affected. 9 The benefit of photodynamic therapy (PDT) in CSR was monitored using OCT in several studies. It was possible to document a reduction of central and perifoveal choroidal thickness after PDT. 10 In pediatric subjects, the macular choroidal thickness (260.4 lm) and volume (0.205 mm 3 ) were significantly higher than those values in adults (206.1 lm, 0.160 mm 3 , respectively). 11 In children, myopic eyes demonstrated a significant average thinning of approximately 50 lm of the choroid compared to nonmyopic eyes. 12 A thinner choroid also was reported in myopic adults, suggesting a correlation between choroidal thinning and marked axial elongation with age. 13 Beside these long-term changes of central or total choroidal thickness, it was discovered that the choroid shows dynamic diurnal changes in primates and humans. [14] [15] [16] [17] [18] [19] A typical diurnal thickness pattern of the choroid was found with a highest mean choroidal thickness of 372.2 lm at 9:00 AM that progressively decreased to 340.6 lm at 5.00 PM. The mean diurnal difference was 33.7 lm (621.5 lm) with a range of 3 to 67 lm. 20 In addition, in the water drinking test of 1000 mL water, the choroidal volume was increased by 6.4%. 21 These fluctuations of the choroid are of great importance as the diurnal or iatrogen-induced variation or changes with age must always be considered in the evaluation and assessment of physiological or pathological situations. Several techniques to improve the visualization of the choroid have been used as image averaging, EDI OCT, or the application of a longer wavelength (swept source OCT [SSOCT]). [22] [23] [24] [25] [26] Segmentation of the choroid in unilateral intermediate AMD has shown significant submacular thinning of the Sattler's and Haller's layer. 27 Choroidal segmentation maps in patients with reticular pseudo-drusen demonstrated significant thinning of the choroidal thickness. 28, 29 In summary, OCT has demonstrated enhanced penetration into the choroid and better visualization of choroidal vessels. Numerous choroidal studies have been performed either on research devices or using advanced swept source technology, and have studied the total choroidal thickness or single-center thickness. Therefore, in our study we aimed to evaluate a novel, three-dimensional, post-processing algorithm to free OCT images from speckle noise with structural preservation that can be used in all standard commercially available OCT systems, and to define the ultra-short-term reproducibility of speckle-noise freed choroidal angiography and a choroid tissuevessel ratio for the first time.
Methods

Subjects and Measurements
In this study, we prospectively recruited 13 healthy females for repeated OCT raster scanning on a commercially available, standard, SDOCT system. Exclusion criteria were any ocular pathology, including history of ocular trauma, intra-or extraocular surgery, familial eye diseases, or elevated IOP; medical history of smoking; any ocular or systemic medication; or coexisting systemic diseases, such as diabetes mellitus, hypertension, or cardiovascular disease. Inclusion criteria were age .18 years, emmetropia or less than 4 diopters of myopia or hyperopia, adequate media clarity for fundus imaging, good central fixation, and good visual acuity. All subjects underwent a comprehensive ophthalmologic examination to exclude any existing retinal or choroidal pathology and had a best visual acuity of 20/20 or better in both eyes. Axial length was measured once before OCT using the Carl Zeiss IOL Master 500 (Carl Zeiss Meditec, Jena, Germany). Blood pressure and pulse were measured on the right arm of sitting subjects, using a fully automatic blood pressure device (Omron, M10-IT; OMRON Healthcare, Kyoto, Japan). During the measurement pauses, the volunteers were asked to rest, not to drink, not to visit the bathroom, and in particular not to practice any physical exertion, read, or undergo increased light exposure. Written informed consent was obtained from all patients, and the present study was approved by the ethical committee at the University of Basel, Switzerland, in accordance with the Declaration of 
EDI-OCT Examination
A single experienced ophthalmologist imaged all choroidal volumes using a Heidelberg Spectralis (enhanced depth SDOCT, Spectralis HRA 2 Version 6.0.10.0; Heidelberg Engineering, Heidelberg, Germany). The scan pattern was raster lines 4.5 3 3.0 3 1.9 mm, 261 B-Scans, distance between B-Scans of 12 lm with EDI-mode on. Imaging via OCT was averaged for 20 scans using the automatic averaging and tracking feature. The number of volume scans were 36 for the right eye, 31 for the left eye in each individual.
OCT Data Postprocessing and Speckle-Noise Removal
From the three-dimensional (3D) OCT data, the single B-scans were normalized using the shadow removal and contrast enhancement method, 30 and the aspect ratio was normalized. This resulted in OCT volumes with real-world aspect ratios in all three dimensions. The OCT data were freed from speckle noise with preservation of structural information. 31 To better separate hyperreflective from hyporeflective areas in the OCT volume, an overdriving histogram equalization based on the contrast limited adaptive histogram equalization method was used. Postprocessing was finished by two subsequent denoising runs. 32 
Compartmentalization of the Choroid (Vessel and Tissue Extraction)
For segmentation, only preprocessed OCT data were selected using an open source image-processing program (ImageJ; available in the public domain at http://imagej.nih.gov/ij/). An individual choroidal region of interest (ROI) reaching from the hyperreflective band corresponding to the RPE to the outer surface of the choroid was defined in a first step. 33 This ROI was centered and applied to all consecutive individual OCT volumes and transferred manually to an approximately equal position of the fellow eye.
In the preprocessed volume, the hyporeflective choroidal vessels were segmented by threshold filtering in all volumes at a threshold level of 45. Analogously, choroidal tissue volume was obtained in the color-inverted OCT data.
Based on international OCT nomenclature, the hyporeflective choroidal formations (signal-poor areas) were considered as vascular choroidal spaces or fluidfilled spaces and analyzed (fluid inner space analysis [FISA]). 34 In contrast, the hyperreflective structures were defined as tissue and analyzed (tissue inner space analysis [TISA]). The postprocessing pipeline used in this study is shown in Figures 1A-F . Extraction of choroidal tissue and fluid-filled spaces of three different eyes are shown in Figure 2 .
The metric volumes (mm 3 ) were converted from the extracted volumes of FISA and TISA in pixel space with respect to the real-world dimension and aspect ratio of the OCT C-scan.
Statistical Analysis
Short-Term Reproducibility
To define the reproducibility of our speckle noisefreed choroidal vessel extraction method, intraclass correlation (ICC) was chosen to define the intrasubject variability of six repeated measurements of the right eye within 1 hour. Data analysis included measurements of extracted FISA and TISA datasets of the right eye only. Intraclass correlation compares the intrasubject variability to the total variability. Usually, a coefficient over 0.8 is considered as a reliable result, thus reflecting a small subject variability in our case. Intraclass correlation was estimated with a 95% confidence interval (CI). Intraclass correlation data were calculated for lower and upper confidence limits (LCL, UCL), TISA, FISA, and a separate coefficient defined as total choroid ratio (TCR). Total choroid ratio is defined as the ratio from TISA data divided by the corresponding volume data of FISA. Therefore, shown with white triangles. Choroidal vessels appear as hyporeflective, dark spaces (black arrow). Choroidal tissue is shown as hyperreflective (bright) rich branching bands (white outlined triangle). Note the granular aspect of this original EDI-OCT image caused by speckle-noise. (C) Same OCT scan as in (B) but speckle-noise freed. The choroidal compartments seem to be better outlined and enhanced. The central choroidal vessel look better demarcated (black arrow). The structure of the choroidal tissue is preserved (white outlined triangle) and the choroid-sclera interface (white triangles) seem easier to be detected. 
Descriptive Statistics
Descriptive statistics were performed by using all mean and standard deviations of TISA, FISA, and TCR.
Comparison Between Right and Left Eyes
Side comparison was performed using a linear mixed-effects model for mean TISA data, mean FISA data, and TCR results.
Body Mass Index (BMI)
The BMI represents a statistically developed measure based on data derived from height (h, cm) and weight (w, kg) and was calculated using the formula BMI ¼ x/(y 3 y), where x ¼ bodyweight in kg and y ¼ height in m. In most cases, a BMI for adults between 18.5 to 24.9 is considered as a normal weight by the World Health Organization. 36
Results
Macular OCT volume scans of 26 consecutive eyes (13 right, 13 left) from 13 healthy females were measured in this study. Measurement times were early morning (8-10 AM), approximately noon (10 AM to 2 PM), and late afternoon (2-5 PM) in five, four, and four participants, respectively. Mean patient age was 22 years (range, 19-22 years). Mean BMI was 20.8. Mean refractive error was À0.41 diopters, mean central axial length was 23.3 mm, mean anterior chamber depth was 3.56 mm, and mean IOP was 15.3 
Comparison of Left to Right Eyes
The FISA difference was 0.033 (95% CI À0.0018-0.0680, P ¼ 0.063), TISA was À0.118 (CI À0.2373-0.0023, P ¼ 0.055), TCR was À0.590 (CI À0.9047 to À0.2754, P ¼ 0.004). The ICC for FISA and TISA showed a trend in the difference when comparing the left and right eyes, respectively. However, the TCR showed a significant difference between the eyes in the measured area (P , 0.001).
Descriptive Statistics
Mean overall FISA was 0.58 mm 3 (range, 0.25-0.98 mm 3 , SD ¼ 0.14); mean TISA was 3.45 mm 3 (range, 2.38-5.0 mm 3 , SD .072); mean TCR was 6.13 (overall range, 3.93-10.2 mm 3 , SD ¼ 1.34). The volume data of TISA and FISA and the corresponding TCR ratio are shown in Table 2 . Analysis of all mean and SDs of TISA, FISA, and TCR are summarized in Table 3 . Figures 3 to 5 show results from the data analysis.
Discussion
A total of 26 healthy eyes from 13 healthy young females were enrolled for choroidal OCT analysis in this study. This resulted in 78 volumes of OCT data sets for the right eye and 13 volumes for the left eye, respectively. With respect to parameters, such as axial length of the eye, anterior chamber depth, IOP, or systemic blood pressure, no significant correlation to the choroidal data could be found in the ultra-shortterm measurements performed.
In this study, we observed for the first time to our knowledge a very high reproducibility of speckle-noise freed spectral domain OCT choroidal angiography using a commercially available and widespread OCT system. Previous investigators have researched automated segmentation and analysis of choroidal thickness and volume. They reported an ICC of 0.98 by SSOCT and 0.73 to 0.97 by SDOCT. [37] [38] [39] The reproducibility was determined in other studies using SDOCT with an ICC of approximately 0.87 to 0.992 for retinal thickness measurements and macular ganglion cell analysis, respectively. 40, 41 Compared to these studies, our results, obtained from speckle-noise freed EDI-OCT are in the superior range and seem to be highly reliable, repeatable, and reproducible. Our results are significant because we may add a novel algorithm to the already established image processing methods.
To our knowledge, this is the first study of a quantitative endoluminal assessment of choroidal vessels and their surrounding choroidal tissue, thus offering data and an illustration about the choroidal compartments of ''fluid'' and ''tissue.'' We found an average ratio between choroidal tissue to vessels (TCR) of 6.13 with a large interindividual variation from 3.93 to 10.2. It was interesting to detect that the choroidal vessel volume did not show a pronounced interindividual difference, but the difference between subjects with regard to the choroidal layers was mainly caused by alterations in the amount of choroidal tissue.
The comparison between sides showed significant differences in the measured ROI. This could be caused by real, existing, structural differences or more probably because of manual malpositioning of the ROI. Thus, it has to be emphasized that, concerning side differences, corresponding ROI have to be placed with caution in future studies. There are several limitations to this study. One data set in one person had to be excluded for statistical analysis because the data acquisition exceeded the allowed measuring time and was terminated by the OCT system automatically; in that case the data could not be fully measured. All other 90 datasets were investigated. The image quality was enhanced by using the EDI mode and the averaging of 20 images; however, this resulted in a very long acquisition time using spectral-domain OCT, in some cases up to 3 minutes for a single, high quality retinal OCT volume. Yet, even with these very cooperative individuals, multiple breaks had to be inserted to obtain the concentration upright and keep the cornea well moistened. Therefore, the mentioned OCT settings are only helpful in subjects with a very good central fixation and perfect cooperation. Another limitation was the relative small number of subjects and the restriction to include only young more-or-less emmetropic females. Future studies using a larger number of patients would help to clarify variations between sex, age, and different diseases. Still, our cohort is representative for a population of young healthy women.
The great opportunity and strength of the specklenoise freed OCT method described was that it allowed to image and characterize not only choroidal vessels without the need for dye-injection but even choroidal tissue. This could be helpful in cases with pathologic tissue growth such as choroidal tumors or fluid accumulations. Since this is a postprocessing tool, the technique may potentially be used on all 3D OCT data. The analysis of volume data would benefit from OCT data with a good resolution and with little motion artifacts. Theoretically, faster and better OCT systems also should improve the quality of OCT images and, thus, contribute to a better visualization of choroid in the future.
Since the technology generates three-dimensional signal vector paths for tracing the spatial OCT information, it is self-explanatory that the method can only be used on OCT volume data and not on isolated, two-dimensional B-scans. A major problem of the spectral OCT measurements was that sometimes very large differences occur in the illumination of the various B-scans within the same OCT volume. These differences had to be balanced automatically by the algorithm to continue image processing and may be a source of artifacts. To better outline choroidal spaces, the contrast of the image was increased, which in turn could lead to artifacts. Another limitation of specklenoise freed imaging and vessel extraction is the current lack of a widely accepted level for an exact threshold filtering. A low threshold shows the core areas of the vessels quite accurately, but loses the lateral delimitation, so that the vessel volume is displayed as artificially small. On the other hand, a high level fills many vessels, but areas outside the actual vessel structure potentially are flooded as well and the real vessel volume could be overestimated. However, in this study the same postprocessing settings were used for all volumes, so that in subsequent new findings, the volumes could be adapted easily. Therefore, comparative studies are necessary to define a single threshold filtering level and to explore possible artifacts in detail. There is a discussion as to whether fully automated segmentation systems provide better results. We rather propose to use complementary systems where the physician is not confronted with a ''self-running black box'' but decides what is to be measured and the rest is performed by a computer. This complementary approach allows better control of processes and also should help to prevent errors in the evaluation of diseases.
In conclusion, we described a novel, very reproducible, speckle-noise freed OCT choroidal angiography and choroidal tissue characterization method in healthy young females. The results indicated that speckle-noise removal from OCT images may be used as an adjunctive illustrative imaging tool in the evaluation of choroidal and retinal pathologies and may provide additional 3D information about the choroid. We hope that our new approach will improve OCT image quality to favor diagnosis and monitoring and, thus, the prognosis of diseases.
